Abstract Ambient temperature reduction (ATR) can extend the lifespan of organisms, but the underlying mechanism is poorly understood. In this study, cellular degradation activity was evaluated in the muscle of an annual fish (Nothobranchius rachovii) reared under high (30°C), moderate (25°C), and low (20°C) ambient temperatures. The results showed the following: (i) the activity of the 20S proteasome and the expression of polyubiquitin aggregates increased with ATR, whereas 20S proteasome expression did not change; (ii) the expression of microtubule-associated protein 1 light chain 3-II (LC3-II) increased with ATR; (iii) the expression of lysosome-associated membrane protein type 2a (Lamp 2a) increased with ATR, whereas the expression of the 70-kD heat shock cognate protein (Hsc 70) decreased with ATR; (iv) lysosome activity increased with ATR, whereas the expression of lysosomeassociated membrane protein type 1 (Lamp 1) did not change with ATR; and (v) the expression of molecular target of rapamycin (mTOR) and phosphorylated mTOR (p-mTOR) as well as the p-mTOR/mTOR ratio did not change with ATR. These findings indicate that ATR activates cellular degradation activity, constituting part of the mechanism underlying the longevitypromoting effects of ATR in N. rachovii.
Introduction
Sustained ambient temperature reduction (ATR) has been shown to successfully extend the lifespan of organisms, including Caenorhabditis elegans, Drosophila melanogaster, and fishes (Cynolebias adloffi, N. furzeri, N. rachovii, and N. guentheri) (Wilson et al. 2006; Galbadage and Hartman 2008; Xiao et al. 2013; Zheng et al. 2005; Liu and Walford 1966; Valenzano et al. 2006; Hsu and Chiu 2009; Wang et al. 2014) . In general, low ambient temperatures prolong the lifespan of these organisms, and high ambient temperatures shortened their lifespan. This observation is supported by evidence collected under the following conditions: (i) C. elegans cultured at 25, 20, and 15°C as well as at 25, 18.5, and 12°C (Wilson et al. 2006; Galbadage and Hartman 2008; Xiao et al. 2013) ; (ii) D. melanogaster maintained at 29, 25, and 18°C (Zheng et al. 2005 ); (iii) N. furzeri bred at 25 and 22°C (Valenzano et al. 2006 ); (iv) N. rachovii reared at 30, 25, and 20°C (Hsu and Chiu 2009); and (v) N. guentheri reared at 26 and 22°C (Wang et al. 2014) .
In addition, ATR has been shown to delay lipid oxidative damage in D. melanogaster, N. rachovii, and N. guentheri (Zheng et al. 2005; Hsu and Chiu 2009; Wang et al. 2014) , reduce the accumulation of lipofuscin granules in N. furzeri, N. rachovii, and N. guentheri (Valenzano et al. 2006; Hsu and Chiu 2009; Wang et al. 2014) , reduce reactive oxygen species (ROS) production and protein oxidation in N. rachovii (Hsu and Chiu 2009) , increase catalase (CAT), glutathione peroxidase (GPx), and manganese-superoxide dismutase (Mn-SOD) activity in N. rachovii and N. guentheri (Hsu and Chiu 2009; Wang et al. 2014) , and increase mitochondrial function (Hsu and Chiu 2009) .
Two major cellular degradation pathways remove cytoplasmic materials and organelles through lysosomal degradation: (i) the ubiquitin-proteasome pathway, which is responsible for the degradation of most short-lived proteins (Ciechanover 2005) , and (ii) the autophagy-lysosomal pathway, which is responsible for the degradation of most long-lived proteins and some organelles . The autophagylysosomal pathway can be further divided into three different types: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA), depending on the route for the delivery of intracellular cargos to the lysosomal lumen (Levine and Klionsky 2004; Cuervo et al. 2005) . Microtubule-associated protein 1 light chain 3 (LC3) (Atg8) serves as a regulatory protein for macroautophagy. Specifically, microtubule-associated protein 1 light chain 3-II (LC3-II) is a membranebound form of LC3 that localizes to autophagosomes and can be used as a biomarker of macroautophagic activity (Kabeya et al. 2000; Hsu et al. 2014) . 70-kD heat shock cognate protein (Hsc 70) recognizes substrate proteins containing the KFERQ pentapeptide motif and subsequently binds to the lysosomal membrane receptor Lamp 2a. The substrate proteins are then transported into the lysosomal matrix via lysosomal Hsc 70 and are rapidly degraded by the lysosomal proteases (Majeski and Dice 2004) . Hsc 70 and Lamp 2a are used as biomarkers of CMA activity (Cuervo and Dice 2000a; Majeski and Dice 2004) . Autophagy can be inhibited by molecular target of rapamycin (mTOR) or its phosphorylated, activated form phosphorylated mTOR (p-mTOR) (Ser2448) (Dennis et al. 2001; Díaz-Troya et al. 2008) .
The current study sought to clarify the relationship between cellular degradation activity and lifespan extension under ATR by evaluating cellular degradation biomarkers including the 20S proteasome, polyubiquitin aggregates, LC3-II, Hsc 70, Lamp 2a, acid phosphatase, Lamp 1, mTOR, and p-mTOR in the muscle of an annual fish (N. rachovii) reared at high (30°C), moderate (25°C), and low (20°C) ambient temperatures.
Materials and methods

Fish breeding and maintenance
An in-house tank (120×45×30 cm 3 ) was evenly divided into four sectors. A gap was created at the bottom between two sectors to allow water circulation. Sequentially, the first sector was used to filter circulating water and pump air, and the remaining sectors were used for fish breeding. The circulating water was sucked at the last sector and poured into the first sector. Each fishbreeding sector was subdivided into 12 cages, and each cage contained only one male for breeding. Each cage was 10×10×30 cm 3 and was enclosed with a 200-mesh plastic network to prevent the escape of brine shrimp and water fleas to assure that all of the supplied food was consumed by the fish. The temperatures of the three tanks were set at 30, 25, or 20°C. A total of 108 4-month-old male N. rachovii were randomly assigned to the three tanks. Thus, each fish-breeding sector contained 12 males, with one male per cage. The male fish were maintained on a 14-h light/10-h dark cycle and were fed live brine shrimp and water fleas twice daily. Each male was fed approximately 1200 live brine shrimp and 270 water fleas at each feeding time. The fish were reared at 30, 25, or 20°C for 45 days for the following analyses.
20S proteasome activity
Cellular supernatant preparation was carried out as described previously (Hsu et al. 2008; Hsu and Chiu 2009) . Briefly, 1 g of muscle tissue consisting of both red and white muscle was homogenized in phosphatebuffered saline (PBS) containing 0.5 % Triton X-100 without protease inhibitors, followed by centrifugation at 5000g for 10 min at 4°C. The protein concentration was determined using a protein assay reagent (500-0006; Bio-Rad Laboratories, Hercules, CA, USA). The activity of the 20S proteasome was quantified using a 20S Proteasome Activity Assay Kit (APT280; Chemicon International, Temecula, CA, USA) according to the manufacturer's instructions, as described previously (Hsu et al. 2014 ). The specific activity was expressed as 7-amino-4-methylcoumarin (AMC) pmol min −1 mg −1 of protein. This experiment was biologically replicated ten times for each of the three temperature settings.
Lysosomal activity
Acid phosphatase is one of the acid hydrolases present in the lysosome. Thus, we evaluated lysosomal activity by measuring acid phosphatase activity with an Acid Phosphatase Assay Kit (CS0740; Sigma, Saint Louis, MO, USA) according to the manufacturer's instructions, as described previously (Hsu et al. 2014 ). The specific activity was expressed as milliunits (mUnits) mg
. This experiment was biologically replicated ten times for each of the three temperature settings.
Western blotting
Muscle was isolated from each individual of N. rachovii. Approximately 0.2 g of muscle tissue was homogenized in 1 ml of radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors (11697498001; Roche Applied Science, Indianapolis, IN, USA), followed by centrifugation at 5000g for 10 min at 4°C. The protein concentration in the resulting supernatant was determined using a protein assay reagent (500-0006; Bio-Rad Laboratories). A total of 30 μg of protein from the supernatant of each sample was electrophoresed in 10-15 % acrylamide SDS/ PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes. After blocking by 5 % skim milk for 1 h at 25°C, the membranes were incubated with antibodies against the 20S proteasome (1:1000) (sc-58412; Santa Cruz Biotechnology, Santa Cruz, CA, USA), LC3 (1:1000) (ap1801b; Abgent, San Diego, CA, USA), Hsc 70 (1:1000) (sc-24; Santa Cruz Biotechnology), Lamp 2a (1:1000) (ab18528; Abcam, Cambridge, MA, USA), Lamp 1 (1:1000) (AP1823b; Abgent), mTOR (cs-8319; Santa Cruz Biotechnology), p-mTOR (GTX79009; GeneTex, Irvine, CA, USA), ubiquitin (1:1000) (3936; Cell Signaling Technology, Danvers, MA, USA), or tubulin (1:10,000) (ab6046; Abcam). The membranes were then probed with corresponding secondary antibodies labeled with horseradish peroxidase (1:10,000) (Klionsky et al. 2012) . The immunolabeled proteins were detected using a chemiluminescence method (PerkinElmer, Covina, CA, USA) and analyzed with the Image J software (NIH, Bethesda, MA, USA). Protein expression levels were normalized to that of tubulin. This experiment was biologically replicated six times for each of the three temperature settings.
Statistical analysis
The differences between the mean values obtained in the three temperature treatment groups were analyzed via one-way ANOVA and using Tukey's HSD for pairwise comparisons. Statistical significance was set at 0.05.
Results
20S proteasome
To examine the activity of the ubiquitin-proteasome pathway, we assessed the activity and expression of the 20S proteasome in the muscle of N. rachovii. The mean 20S proteasome activities were 47.83± 1.80, 40.42±3.52, and 35.35±3.25 pmol of 7-amino-4-methylcoumarin (AMC) min −1 mg −1 of the protein in the muscle of N. rachovii reared at 20, 25, and 30°C, respectively, indicating that ATR increased 20S proteasome activity (n=10, P<0.05; Fig. 1a ). However, the expression of the 20S proteasome did not show a statistically significant change at different temperatures (n=6, P>0.05; Fig. 1b , c), indicating that ATR did not affect 20S proteasome expression.
To confirm the activity of the ubiquitin-proteasome pathway, we examined the expression of polyubiquitin aggregates in the muscle of N. rachovii. The expression of polyubiquitin aggregates decreased with ATR (n=6, Fig. 1d ), indicating that ATR activated the ubiquitinproteasome pathway.
Autophagy
To investigate the activity of the autophagy-lysosomal pathway, we assessed the expression of LC3, Hsc 70, and Lamp 2a in the muscle of N. rachovii. The expression of LC3-II was high at 20°C, moderate at 25°C, and low at 30°C (Fig. 2a) . The observed differences in LC3-II expression were statistically significant (n =6, P < 0.01; Fig. 2b ), suggesting that LC3-II expression is inversely correlated with temperature in N. rachovii. This finding suggests that ATR increases macroautophagic activity in N. rachovii.
In contrast, the expression of Hsc 70 was low at 20°C, moderate at 25°C, and high at 30°C (Fig. 3a) . This positive correlation between Hsc 70 expression and temperature was also statistically significant in N. rachovii (n=6, P<0.01; Fig. 3b ). In addition, a significant correlation between Lamp 2a expression and temperature was observed, where Lamp 2a expression was high at 20°C, moderate at 25°C, and low at 30°C (n=6, P<0.05; Fig. 3c, d ). These findings suggest that ATR increases CMA activity in N. rachovii.
Lysosome activity and density
Lysosomes play important roles in cellular degradation. Acid phosphatase is one of the acid hydrolases found in lysosomes that has been used as a classical marker of lysosome activity (Hsu et al. 2014) . Therefore, we measured acid phosphatase activity to evaluate lysosome function. The mean acid phosphatase activities were 15.25±1.17, 13.43±0.73, and 11.91± 0.78 milliunits (mUnits) mg −1 in the muscle of N. rachovii reared at 20, 25, and 30°C, respectively, indicating that ATR increases lysosome activity (n=10, P<0.05; Fig. 4a ).
Given that acid phosphatase is located inside the lysosome, we then evaluated whether the increase in acid phosphatase activity was due to an increase in the amount of lysosomes. Lysosome density was assessed Fig. 4b, c) , suggesting that lysosome density is independent of temperature in N. rachovii.
mTOR activity
To further evaluate the cellular degradation activity, we assessed mTOR activity because mTOR is known to inhibit autophagy (Dennis et al. 2001 ). The expression of neither mTOR (n=6, P>0.05; Fig. 5a , b) nor pmTOR (n=6, P>0.05; Fig. 5c, d) , which is the activated form, was significantly altered under ATR. Furthermore, the p-mTOR/mTOR ratio, which was used to represent mTOR activity, also showed no statistically significant difference (n=6, P>0.05; Fig. 5e ), suggesting that ATR-induced autophagy might not be regulated by mTOR.
Discussion
In this study, we evaluated cellular degradation activity in the muscle of N. rachovii reared at 20, 25, and 30°C. The activity of the 20S proteasome, the expression of polyubiquitin aggregates, LC3-II and Lamp 2a, and lysosomal activity were all increased under ATR. However, Hsc 70 expression was decreased with ATR. In contrast, the expression of the 20S proteasome, Lamp 1, mTOR, and p-mTOR as well as the p-mTOR/mTOR ratio did not change with ATR. These results demonstrate that ATR activates cellular degradation activity, which may be the underlying mechanism for the longevity-promoting effects of ATR.
20S proteasome
The proteasome is responsible for the degradation of normal proteins and proteins that have been damaged by oxidation or misfolding. Previous studies have shown Tubulin served as the loading control. Band intensity was used to quantify protein level and was normalized to that of the 20°C sample. a mTOR western blot. b Normalized mTOR protein levels. c p-mTOR western blot. d Normalized p-mTOR protein levels. e The p-mTOR/mTOR ratio. The results are shown as percentages and represent the mean±SEM that the activity of the proteasome system declines with aging (Bulteau et al. 2000 (Bulteau et al. , 2002 Ferrington et al. 2005; Hsu et al. 2014) . In this study, 20S proteasome activity was found to increase under ATR in the muscle of N. rachovii reared at 20, 25, and 30°C, indicating that low ambient temperature induces high 20S proteasome activity, whereas high ambient temperature inhibits 20S proteasome activity. Low ambient temperature has been shown to extend the lifespan of organisms and appears to exhibit cellular rejuvenation potential, whereas high ambient temperature has been demonstrated to shorten the lifespan of organisms and appears to display cellular senescence potential (Wilson et al. 2006; Galbadage and Hartman 2008; Xiao et al. 2013; Zheng et al. 2005; Liu and Walford 1966; Valenzano et al. 2006; Hsu and Chiu 2009) . Compared with the cellular consequences of aging, low ambient temperature was observed to activate 20S proteasome activity, hence inducing cellular rejuvenation; in contrast, high ambient temperature was found to inhibit 20S proteasome activity, leading to cellular senescence. This inference is supported by previous studies showing that young worker bees (Apis mellifera) tend to present a higher level of 20S proteasome activity, which results in trophocytes with clear homogeneous cytoplasms; distinct, smooth organelle morphologies; and clear organelle inclusions. In contrast, old workers tend to exhibit a lower level of the 20S proteasome activity, which leads to trophocytes with dark cytoplasm; vague, rough organelle morphologies; dark organelle inclusions; and a crowded distribution of organelles (Hsieh and Hsu 2011; Hsu et al. 2014) .
Proteasome activity decreases with aging as a result of protein modifications, including oxidation, ubiquitination, glycation, glycoxidation, and conjugation with lipid peroxidation products (Bulteau et al. 2000) . In this study, the decrease in 20S proteasome activity associated with the increase in ambient temperature may have had similar causes. This speculation is supported by previous studies showing that high ambient temperature increases protein oxidation and lipid peroxidation (Zheng et al. 2005; Hsu and Chiu 2009 ). In addition, earlier studies have indicated that proteasome activity can be inhibited by lipofuscin/ceroid and that an increase in lipofuscin/ceroid accumulation leads to a decrease in proteasome activity in human lung fibroblasts (Sitte et al. 2000) as well as in the trophocytes and fat cells of worker bees (Hsu et al. 2014) . In this study, 20S proteasome activity was found to increase under ATR, which, combined with the fact that lipofuscin accumulation decreases with ATR (Hsu and Chiu 2009) , indicates that lipofuscin might inhibit 20S proteasome activity at high ambient temperatures in N. rachovii.
The expression level of the 20S proteasome has been shown to increase with age (Ferrington et al. 2005; Hsu et al. 2014) . Increased expression of the 20S proteasome has also been hypothesized to compensate for the decline in the 20S proteasome function (Ferrington et al. 2005; Hsu et al. 2014) . The gene expression of proteasome subunits and ubiquitin-conjugated enzymes increases with ATR (from 30 to 23, 17, or 10°C) in the common carp (Cyprinus carpio) for 21-19 days (Gracey et al. 2004 ). In addition, the gene expression of 26S proteasome increases with ATR (37, 26, and 20°C) in an annual killifish (Austrofundulus limnaeus) for 14 days (Podrabsky and Somero 2004) . In this study, the expression of the 20S proteasome was not found to change with ATR in the muscle of N. rachovii reared at 20, 25, and 30°C. This finding is not consistent with the cellular consequences of aging and ATR in the common carp and killifish (Ferrington et al. 2005; Hsu et al. 2014; Gracey et al. 2004; Podrabsky and Somero 2004) . The most likely reason for this result is that ambient temperatures did not influence the accumulation of 20S proteasome, that the duration of hightemperature-induced cellular senescence was not sufficiently long for 20S proteasome accumulation to occur, or that post-transcriptional, translational, and degradation regulation influenced the synthesis of 20S proteasome under ATR (Vogel and Marcotte 2012) .
Autophagy
Macroautophagy sequesters damaged organelles and proteins in a double-membrane autophagosome that then fuses with the lysosome to form the autophagolysosome, the contents of which are degraded by acidic lysosomal hydrolases (Klionsky et al. 2012) . LC3 participates in the formation of the autophagosome, suggesting that a decrease in LC3-II expression may indicate a decrease in autophagosome formation. Previous studies showed that macroautophagic activity declines with aging (Del Roso et al. 2003; Taneike et al. 2010; Caramés et al. 2010; Hsu and Chan 2013; Hsu et al. 2014) . In this study, LC3-II expression increased with ATR in the muscle of N. rachovii reared at 20, 25, and 30°C, indicating that low ambient temperature activated macroautophagy activity, whereas high ambient temperature inhibited macroautophagy activity. This observation is similar to our findings regarding 20S proteasome activity.
CMA uses Hsc 70 to select soluble cytosolic proteins that are directly translocated across the lysosome membrane for degradation via Lamp 2a (Klionsky et al. 2012) . Previous studies demonstrated that the expression level of Hsc 70 decreases with age (Bernstein et al. 2000; Bonelli et al. 2008; Unterluggauer et al. 2009; Hsu et al. 2014) . In the present study, Hsc 70 expression decreased with ATR in the muscle of N. rachovii reared at 20, 25, and 30°C, a phenomenon that is not consistent with the cellular consequences of aging. A possible explanation for this discrepancy is that high temperature induces Hsc 70 expression to response heat stress (Liu et al. 2012) .
The expression levels of Hsc 70 and Lamp 2a are known to correlate with the extent of CMA activity (Cuervo and Dice 2000a; Majeski and Dice 2004) . The binding of substrates to Lamp 2a is the limiting step for their degradation via CMA (Cuervo and Dice 1996) . Previous studies showed that the expression levels of Lamp 2a decrease with age (Cuervo and Dice 2000b; Kiffin et al. 2007; Zhang and Cuervo 2008) , indicating that CMA activity declines with age. In this study, Lamp 2a expression increased with ATR in the muscle of N. rachovii reared at 20, 25, and 30°C, indicating that low ambient temperature activated CMA activity whereas high ambient temperature inhibited CMA activity. This finding is consistent with those of the 20S proteasome activity and macroautophagy activity.
Similar to 20S proteasome, low ambient temperature may activate CMA activity to induce cellular rejuvenation and high ambient temperature may inhibit CMA activity to induce senescence. This postulation is supported by previous studies showing that both old rodents and senescent cells in culture exhibit reduced rates of substrate protein translocation into lysosomes through CMA (Cuervo and Dice 2000b; Martinez-Vicente et al. 2005) and that the age-dependent decrease in CMA activity contributes to the intracellular accumulation of oxidized proteins in aged organisms (Martinez-Vicente et al. 2005; Zhang and Cuervo 2008) .
In addition, previous studies have indicated that lipofuscin accumulation reduces CMA activity, leading to the accumulation of oxidized proteins in worker bees (Hsu et al. 2014; Hsieh and Hsu 2011) . Likewise, it has been shown that lysosomes with higher CMA activity rarely accumulate lipofuscin in their lumens (Kiffin et al. 2006) . In this study, CMA activity was observed to increase with ATR, while lipofuscin accumulation decreased with ATR (Hsu and Chiu 2009) , suggesting that lipofuscin might inhibit CMA activity at high ambient temperatures in N. rachovii.
Lysosome activity and density
Lysosomes are single-membrane organelles that contain acid hydrolase enzymes for degrading cellular macromolecules and organelles. Previous studies showed that lysosomal activity increases with age (Cuervo and Dice 2000b; Yoon et al. 2010; Hsu et al. 2014 ). Lysosomal activity is increased to scavenge accumulated intracellular waste in aged individuals. In the present study, we observed increased lysosome activity under ATR, indicating that low ambient temperature activates lysosome activity, while high ambient temperature inhibits lysosome activity. This result is consistent with the findings regarding 20S proteasome activity, macroautophagy, and CMA, suggesting that ATR induces Bhousekeepingâ ctivities in cells. Lamp 1 is a lysosomal membrane protein that may serve as a biomarker of lysosomes (Banno et al. 2012) . Previous studies revealed that the density of lysosomes increases with age (Cuervo and Dice 2000b; Yoon et al. 2010; Hsu et al. 2014) . In this study, Lamp 1 expression did not change with ATR, indicating that the lysosomal density was not affected by ATR, a phenomenon that is not consistent with the phenotypes of aging cells. The most likely reason for this discrepancy is that ambient temperatures have no effect on lysosomal accumulation or that the duration of high-temperature-induced senescence was not sufficiently long for lysosomal accumulation to take place. mTOR activity Autophagy can be inhibited by the mTOR protein, which is activated by phosphorylation at serine-2448 (p-mTOR) (Dennis et al. 2001; Díaz-Troya et al. 2008) . Previous studies showed that mTOR expression increases with age (Zhou et al. 2009; Hsu et al. 2014 ).
Earlier studies also demonstrated that macroautophagy could be inhibited by mTOR (Dennis et al. 2001; Hsu et al. 2014) . In the present study, neither the expression of mTOR and p-mTOR nor the p-mTOR/mTOR ratio was altered with ATR, suggesting that mTOR does not regulate ATR-induced autophagy.
In this study, we demonstrated that ATR activates cellular degradation activity in N. rachovii. Previously, we showed that ATR could extend the lifespan of N. rachovii (Hsu and Chiu 2009) . Together, these results suggest that ATR may activate cellular degradation activity to promote cellular rejuvenation, thus leading to lifespan extension. This inference is supported by the results of polyubiquitin aggregates, lysosomal activity, and LC3-II expression in the muscle of young (2-month-old) and old (5-monthold) N. rachovii. Young N. rachovii express lower polyubiquitin aggregates (Fig. 6a) , higher lysosomal activity (n =6, P <0.01; Fig. 6b ), and higher LC3-II expression (n=6, P<0.05; Fig. 6c, d ) than old N. rachovii. The results of ATR were reversely proportion to those of aging. This inference is also supported by previous studies showing that young worker bees display higher levels of cellular degradation activity, which leads to trophocytes with clear, homogeneous cytoplasm; distinct, smooth organelle morphologies; and clear organelle inclusions. In contrast, old worker bees exhibit lower levels of cellular degradation activity, resulting in trophocytes with dark cytoplasm; vague, rough organelle morphologies; dark organelle inclusions; and a crowded distribution of organelles (Hsieh and Hsu 2011; Hsu et al. 2014 ). This inference is also supported by previous studies showing that CMA, macroautophagy, and proteolysis are all decreased during aging (Cuervo and Dice 2000a; Del Roso et al. 2003; Tavernarakis and Driscoll 2002; Cui et al. 2012) and that reduced autophagy accelerates aging, while stimulation of autophagy promotes anti-aging effects (Madeo et al. 2010 ). 
